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ity effect’). However, sometimes similarity of prime and target impairs responses (‘negative compatibility
effect’). A similar distinction has been found for the curvature of saccade trajectories. Here, we test
whether the same inhibition processes are involved in the two phenomena, by directly comparing
response times and saccade curvature within the same masked priming paradigm. Interestingly, we
found a dissociation between the directions of masked priming and saccade curvature, which could indi-
cate that multiple types of inhibition are involved in the suppression of unwanted responses.
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In everyday life, we are confronted with a stream of visual in-
puts that needs to be processed to extract information that is rel-
evant for our on-going behavior while avoiding responses to
irrelevant stimuli. We here investigate the processes that underlie
such response selection by comparing two different measures: re-
sponse times and the curvature of saccade trajectories, both mea-
sured in the same masked priming paradigm. Our results suggest
that multiple mechanisms might be at work in the selection of
an appropriate response to incoming information.
While parts of the processes underlying response inhibition are
under voluntary control, a large section may occur automatically.
One paradigm often used to investigate such automatic activation
and inhibition of responses to incoming stimuli is masked priming.
Inmaskedpriming, a primepreceding the target inﬂuences response
times and error rates to the target (e.g. Leuthold & Kopp, 1998; Neu-
mann & Klotz, 1994). Typically, the prime is presented for a very
brief duration, and it is masked, either by a separate mask, or by
the target. This masking has the consequence that if participants
are asked to report the identity of the prime, they are often close
to chance level. For this reason, the inﬂuences exerted by masked
primes are thought to reﬂect automaticprocessing, possibly through
direct perceptuo-motor links, providing a direct pathway from sen-
sory to motor processing (e.g. Klotz & Neumann, 1999).
The most common effect a prime has on the response to the tar-
get is that response times are faster and errors occur less oftenll rights reserved.
r).when the prime is identical or similar to the target, in comparison
to when the prime is unrelated to the target or has features asso-
ciated with the opposite response. However, under certain condi-
tions, for example, when the time between the presentation of
the prime and the target is long, the pattern reverses, and response
times are slower when the prime and the target are similar or iden-
tical (for reviews see Eimer & Schlaghecken, 2003; Sumner, 2007).
The reduction in response times with compatible primes is often
referred to as straight priming (Jas´kowski & Verleger, 2007) or
the positive compatibility effect (PCE), and the increase in response
times with compatible primes is called inverse priming or the neg-
ative compatibility effect (NCE). Negative compatibility effects are
found only if the time between the presentation of the prime and
the presentation of the target is sufﬁciently long. Keeping the stim-
uli and task constant, varying the prime-to-target interstimulus
interval (ISI), a shift from a positive to a negative compatibility ef-
fect is found at intervals around 80 ms (Fig. 1 of Bowman, Schlag-
hecken, & Eimer, 2006). Additionally, NCEs are more often found
when the prime is just below the threshold for conscious detection
(e.g. Eimer & Schlaghecken, 2002), although they can also be found
for visible primes (Klapp & Hinkley, 2002; Sumner, Tsai, Yu, & Na-
chev, 2006).
The cause of the negative compatibility effect is highly debated.
One explanation, known as the self-inhibition hypothesis, assumes
that motor program activated by the prime is automatically sup-
pressed (e.g. Bowman et al., 2006; Eimer & Schlaghecken, 1998;
Klapp & Hinkley, 2002; Schlaghecken, Bowman, & Eimer, 2006;
Schlaghecken & Eimer, 2006). If the target is presented at the time
the prime response is still active, a PCE occurs. If the target is pre-
sented later, once the prime response has been suppressed, then a
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Fig. 1. Illustration of the hypothesized activity in the saccade motor map (along the
vertical dimension) for different positions in space (horizontal plane) for a short
prime to target interval (top) and a long interval (bottom). The gray arrow indicates
the initial direction of the saccade, which follows the direction of the mean
activation in the map.
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ings, showing a triphasic pattern of preparatory motor activation
following the sequence of prime, mask and target (Eimer, 1999; Ei-
mer & Schlaghecken, 1998) (however, see Verleger, Jas´kowski,
Aydemir, Van der Lubbe, & Groen, 2004 for an alternative explana-
tion), in which the ﬁrst phase corresponds to prime activation, the
second one with prime suppression and the third one with target
activation (Eimer & Schlaghecken, 2003; Praamstra & Seiss,
2005). An alternative explanation was suggested by Verleger and
colleagues (2004) (see also, Lleras & Enns, 2004, 2005, 2006) and
is known as the active mask, or object-updating hypothesis. This
theory proposed that, rather than self-inhibition, interactions
between the prime and the mask occur that cause the priming to
reverse. Such interactions only occur if elements of the prime are
also present in the mask, which means that it cannot account for
all NCEs (Jas´kowski, 2009; Schlaghecken & Eimer, 2006; Sumner
& Brandwood, 2008). Finally, there is the ‘mask-triggered inhibi-
tion’ hypothesis (Boy, Clarke, & Sumner, 2008; Jas´kowski & Verleg-
er, 2007; Jas´kowski, 2008; Jas´kowski & Przekoracka-Krawczyk,
2005) which assumes that inhibition of the prime is caused by
another stimulus that requires attention, being the mask, or the
target. However, in all three theories, a response to the prime in
a typical prime–mask–target sequence is initially activated fol-
lowed by a relative suppression of this prime related activity.
Similarly, studies of saccadic eye movements have shown that
the trajectory of an eye movement can be modulated under condi-
tions in which one of the responses has to be inhibited (Doyle &
Walker, 2001; McSorley, Haggard, & Walker, 2004, 2005, 2006,
2009; Mulckhuyse, Van der Stigchel, & Theeuwes, 2009; Van der
Stigchel, Meeter, & Theeuwes, 2007a, Van der Stigchel, Meeter, &
Theeuwes, 2007b; Van der Stigchel & Theeuwes, 2005, 2006,
2008; Van der Stigchel, Mulckhuyse, & Theeuwes, 2009; Theeuwes
& Van der Stigchel, 2009; Van Zoest, Van der Stigchel, & Barton,
2008; Walker, McSorley, & Haggard, 2006). These studies have
shown that saccade trajectories deviate away from an attended
location (Nummenmaa & Hietanen, 2006; Sheliga, Riggio, & Rizzol-
atti, 1994; Sheliga, Riggio, Craighero, & Rizzolatti, 1995; Van der
Stigchel et al., 2007b) and away from the location of an eccentric
distractor (Doyle & Walker, 2001; McSorley et al., 2004, McSorley,
Haggard, & Walker, 2005, 2006, 2009; Van Zoest et al., 2008; Walk-
er et al., 2006). However, in some situations trajectories tend to
deviate towards the distractor (McPeek, Han, & Keller, 2003;
McPeek & Keller, 2001; Walker et al., 2006). Studies of the activity
of cells in the monkey superior colliculus (SC) and frontal eye ﬁelds
(FEFs) have demonstrated that multiple sites in these structure are
active prior to curved saccades (McPeek & Keller, 2001; McPeek
et al., 2003; Port & Wurtz, 2003). Speciﬁcally, distractor related
activity above baseline resulted in a curvature towards the distrac-
tor, whereas activity below baseline cause deviation away from the
distractor location (McPeek et al., 2003). Moreover, inhibiting
activity by injecting the GABA agonist muscimol caused saccades
to curve away from the inhibited site (Aizawa & Wurtz, 1998).
The prevalent view is that saccade curvature arises when multiple
saccade goals are activated in the brain areas in the process of sac-
cade target selection, and that curvature away from a site is found
when activity is suppressed below baseline (McSorley, Haggard, &
Walker, 2006).
The modulation of saccade trajectory deviation is often re-
garded as a proxy to the distribution of activation and inhibition
in the neural structures involved in encoding potential saccade tar-
gets prior to saccade onset (McPeek, 2006). In the present study
saccade trajectory deviation is used as an alternative way of prob-
ing the automatic response selection processes involved in masked
priming. How this might work, is illustrated in Fig. 1, in which a
hypothesized map of saccade motor activity is shown, with the
amount of activity shown along the vertical dimension for differentpositions in space (shown in the horizontal plane). If the interval
between the presentation of the prime and the mask is short
(top plot), activation in the map corresponding to the prime loca-
tion has not yet been suppressed and the mean vector of activation
(e.g. Lee, Rohrer, & Sparks, 1988) falls in between the peaks of acti-
vation representing the prime and the target location. As it is com-
monly assumed that saccade direction is determined by the mean
vector of activation, the initial direction of the saccade will be in
between the prime and the target. This initial direction error is cor-
rected such that the eye lands on the target, with the consequence
that the overall trajectory of the saccade curves towards the direc-
tion of the prime. However, if the target is presented after a longer
interval (bottom plot), the activity in the map corresponding to the
prime has been suppressed below baseline, and the resulting mean
vector will curve the saccade away from the prime. Note that this
initial activation in the direction of the prime followed by an inhi-
bition below baseline corresponds to the ﬁrst two phases observed
in the EEG data (Eimer, 1999; Eimer & Schlaghecken, 1998; Verleg-
er et al., 2004). In this respect, measuring saccade curvature could
provide a measure of oculomotor preparation, just like the phases
of the EEG response are thought to reﬂect manual response
preparation.
Alternatively, saccade curvature effects and reaction time prim-
ing effects might be dissociated. Such dissociation could arise if the
inhibition involved in the saccadic NCE and that involved in sac-
cade curvature takes place at different stages of saccade program-
ming. In ‘inhibition of return’, a phenomenon that could involve
similar mechanisms as the NCE in masked priming, evidence for
such dissociation was obtained (Godijn & Theeuwes, 2004; Theeu-
wes & Van der Stigchel, 2009). Inhibition of return occurs when a
response is required to a previously attended stimulus. Typically,
an irrelevant stimulus is presented in the periphery, or an item
in the periphery is cued with a central cue, both of which partici-
pants are asked to ignore. After a delay, the target is presented
either at the location of the irrelevant stimulus or at a different
location. If the delay is short, responses to the same location are
faster. However, for longer delays, slower response times are found
when the target is presented at the same position as the ignored
stimulus. IOR and masked priming may involve similar processes,
because they both show a reversal of congruency effects at longer
cue or prime to target intervals.
Godijn and Theeuwes (2004) investigated the relation between
inhibition of return and saccade curvature by comparing the time-
course at which they take place. In addition, the effects of the sal-
ience of the cue and the type of cue (exogenous versus endoge-
nous) were studied. Whereas cue salience and cue type had
+>>
>>
Fixation
500ms
Blank
300ms
Prime
Blank
Mask
Blank
Target
1000ms
Blank
1000ms
>>
>>
Time Probe
( (
Fig. 2. (a) Stimulus sequence, shown in reverse contrast (stimuli were presented in
white on a black background). Two prime-to-target ISIs were used (short and long),
of which the timing is indicated by the two numbers next to each screen. For the
short ISI, the prime was presented for 80 ms immediately followed by the mask for
20 ms. This combination is expected to produce a PCE. For the long ISI, a brieﬂy
presented (20 ms) prime was used, followed by a blank interval for 10 ms and a
mask presented for 100 ms, followed by another blank interval of 50 ms. This
combination is expected to produce a NCE. (b) The possible target screens. On 57%
of the trials (‘regular trials’), participants were asked to make a saccade to the
placeholder in the direction of the target (regular trials, left or right), in which the
prime was identical to the target (‘congruent condition’) or it pointed in the
opposite direction (‘incongruent condition’). On remaining 43% of the trials (‘probe
trials’) a diamond was presented together with a peripheral target located 8 above
ﬁxation. On these probe trials participants were required to make a vertical saccade
to the peripheral target.
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ferences in the time-course of the two effects were found. Signiﬁ-
cant saccade curvatures were only found for short cue-to-target
intervals, while inhibition of return was found just for longer
cue-to-target intervals. This was interpreted as evidence that sac-
cade curvature originates from inhibition in the superior colliculus
saccade map, whereas inhibition of return might be caused by inhi-
bition preceding the saccade motor map. Theeuwes and Van der
Stigchel (2009) came to a similar conclusion with a slightly differ-
ent paradigm, in which the cue position needed to be processed
rather than to be ignored.
In the current study, automatic response preparation in masked
priming is investigated by determining its inﬂuence on saccadic re-
sponse times as well as on the curvature of saccade trajectories. In
the majority of the trials (‘regular trials’), participants were asked
to make an eye movement following the direction of a centrally
presented arrow. In half of these regular trials, the arrow, indicat-
ing the saccade target, was preceded by an identical prime arrow,
which was rendered less visible by a pattern mask (‘congruent tri-
als’). In the other half of the regular trials, a mirror image of the tar-
get arrow was presented, again masked by a pattern mask
(‘incongruent trials’). Two different prime-to-target intervals were
used (one short and one long) in order to obtain a positive and a
negative compatibility effect on the response times. The effect of
the prime on saccade curvature was investigated on the remainder
of the trials (probe trials) in which a vertical saccade was made in
the direction orthogonal to the brieﬂy presented prime. Assuming
that a positive compatibility effect is found for the short prime-to-
target interstimulus interval (ISI), a curvature towards the direc-
tion indicated by the prime is expected on such trials, as activity
in the saccade map corresponding to the prime location has not
yet been suppressed. For the long prime-to-target ISI, a negative
compatibility effect on regular trials is expected. Such a NCE is ex-
pected to result in a curvature away from the prime direction on
probe trials, indicative of inhibited prime activity.2. Methods
2.1. Participants
Twenty participants (four male, 16 female; age range 18–40
years), including two of the authors (FH and RW), took part in
the experiment. For the ﬁnal data analysis, the data of two partic-
ipants were not included in the analyses because of the large num-
ber of trials (>50%) that had to be removed on the basis of the
exclusion criteria (see ‘data analysis’). Before taking part, all partic-
ipants read an information sheet, indicating that their participation
was voluntary and they could withdraw from the experiment at
any time, and they signed an informed consent. Participants re-
ceived £6,– for their participation. The experimental procedure
was approved by local ethics committee.
2.2. Apparatus
The stimuli were presented on a 21 in. CRT screen at a refresh
rate of 100 Hz, controlled by an AMD Athlon 2400+ PC. Eye move-
ments were recorded using the Eyelink II system (SR Research Os-
good, ON, Canada), which was mounted on a chin-and-head-rest at
a distance of 57 cm from the computer screen. The horizontal and
vertical eye positions for both eyes were sampled at 250 Hz.
2.3. Stimuli
The stimuli are illustrated in Fig. 2, which were similar to those
used by Sumner et al. (2007). The ﬁxation screen contained a ﬁxa-tion symbol (‘+’) measuring 1 horizontally and vertically ﬂanked
by two placeholders with a diameter of 0.6 each, at a horizontal
distance of 7 from the center of the screen. The prime consisted
either of two leftward or two rightward arrows (‘’ and ‘’
respectively), which measured 0.5 horizontally each, with a sepa-
ration of 0.7, or an ‘X’ symbol of 0.6 in size. The mask was con-
structed from 30 lines each in a random orientation (although
constant across trials), forming a patch extending 2 horizontally
and 1.8 vertically. The target either was the identical to the prime,
a mirror image of it (‘’ or ‘’), or a diamond shape was presented
(1 in size both horizontally and vertically) together with a ﬁlled
circle with a diameter of 0.5 at a vertical distance of 8 from the
center of the screen. Stimuli were presented in white on a black
background.
2.4. Design
Two possible stimulus sequences were used (Fig. 2a). Either the
sequence had a short prime-to-target ISI or a long prime-to-target
ISI. On 48 (57%) of the 84 trials of each block, participants were re-
quired to follow the direction of the target (regular trials; Fig. 2b).
On these trials, the prime was identical to the target on half of the
trials and pointed in the opposite direction on the other half of the
trials. On the remaining 36 (43%) of the trials in each block, the tar-
get screen consisted of a centrally presented diamond shape (serv-
ing as a control for the arrow target in the regular trials) together
with a ﬁlled circle presented above ﬁxation. These trials required a
vertical saccade to the ﬁlled circle (‘probe trials’). On probe trials,
either a leftward arrow, a rightward arrow, or the letter ‘X’ was
used as the prime, all with equal probability.
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Fig. 3. Mean saccadic response times for the two different prime-to-target ISIs and
for the different trial types (congruent and incongruent prime and target trials, and
probe trials) across 18 participants. The error bars show the standard error of the
mean.
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which regular and probe trials were randomly interleaved. The
timing of the stimuli was varied across blocks. Participants either
performed one block of long ISI trials followed by two blocks of
short ISI trials, followed by one more block of long ISI trials, or vice
versa. This particular sequence (‘A-B-B-A’) of short and long ISIs
was chosen to counteract effects of fatigue and practice.
After the four blocks of eye movement trials, participants per-
formed two additional blocks (one for the short and one for the
long ISI) in which they were asked to report the identity of the
prime by pressing one of three buttons. If they thought the prime
was equal to ‘’, they pressed the ‘M’ key on the keyboard, for a
‘’ they used the ‘Z’ key, and for an ‘X’, they pressed the space-
bar. These blocks were 56 trials in length with 32 trials with either
a ‘’ or ‘’ prime, and 24 trials with a neutral prime (the letter ‘X’).
2.5. Procedure
Before the experiment, participants were instructed that they
would be presented with sequences of stimuli, and that their task
would be to make eye movements following the last stimulus in
the sequence, ignoring the other, brieﬂy presented items. If the last
item in the sequence was an arrow (‘’ or ‘’), they were asked to
make an eye movement to the placeholder to which this arrow was
pointing. If the last item was a diamond shape, a saccade towards
the target above ﬁxation was required (see Fig. 2 for an illustration
of the stimuli). Participants completed four blocks of 84 trials each.
For each condition, the sequence started with a ﬁxation symbol
ﬂanked by the placeholders for 500 ms followed by just the place-
holders for 300 ms, and ended with the target screen for 1000 ms
in which participants were required to make their response, fol-
lowed by a blank screen for 1000 ms (Fig. 2a). For short ISI, the
prime was presented for 80 ms, followed by the mask for 20 ms.
For long ISI, the prime was presented for 20 ms, followed by a
blank screen (just the placeholders) for 10 ms followed by the
mask for 100 ms, followed by another blank screen (placeholders)
for 50 ms.
Before each block, a calibration procedure for the eye-tracker
was performed, in which participants were asked to ﬁxate targets
presented in a random sequence on a 3 by 3 grid. Calibration was
repeated until all ﬁxations were aligned to a similarly shaped grid
for both eyes with the ﬁrst and the last ﬁxation (both aimed at a
target at the center of the screen) at close proximity. Following
the calibration a drift correction was performed in which partici-
pants ﬁxated a central dot and the experimenter pressed the
space-bar which corrected for drifts in the eye movement record-
ings due to small head movements after the calibration procedure.
In the eye movement task, participants were asked to respond
as quickly as possible, but at the same time trying to avoid making
saccades in the wrong direction.
After the four blocks requiring saccadic responses, two addi-
tional blocks were performed in which participants were asked
to identify the prime by pressing one of three buttons on a com-
puter keyboard. Participants were asked to be as accurate as possi-
ble, but no instruction was given about the response speed.
2.6. Data analysis
Although both eyes were tracked, only the results for the right
eye will be shown, as analyses for the left eye yielded similar
results.
Saccadic eye movements were detected on the basis of a 22 deg/
s velocity and 8000 deg/s2 acceleration criterion. Trials in which
the ﬁrst saccade after target onset was in the wrong direction were
removed from the analysis as well as trials which the ﬁrst saccade
was of insufﬁcient amplitude (<3.8). In addition, trials were re-moved in which the saccade was initiated less than 100 ms after
target onset and more than 2.5 times the standard deviation after
the mean response time, as well as probe trials with a peak devia-
tion of more than 50% of the saccade amplitude (i.e., turn-around
saccades), and trials in which a blink occurred during the saccade.
For two participants, these elimination criteria resulted in a large
number of trials (more than 50%) to be removed compared to the
other participants (in part due to problems in the data recording).
Because of this large number of excluded trials, the data of these
two participants were removed from the data set. For the remain-
ing participants, the exclusion criteria led to 13.5% of the trials to
be removed from the analysis.
For probe trials, requiring a vertical saccade, the curvature of
the saccade was computed as the peak deviation of the saccade tra-
jectory from the straight line connecting the start and the end of
the saccade, divided by the amplitude of the saccade (for an over-
view of saccade curvature measures, see Ludwig & Gilchrist, 2002;
Van der Stigchel, Meeter, & Theeuwes, 2006).
Saccade curvatures was compared to baseline, providing a mea-
sure of relative curvature by subtracting the mean curvature for
the neutral prime (‘X’) from the mean curvature for each direc-
tional prime (‘’ and ‘’) for each participant.
3. Results
3.1. Response times
Fig. 3 compares the reaction times for short and long ISIs for the
different trial types (congruent and incongruent prime and target,
and probe trials). For both ISIs, shorter response times are found on
the probe trials (short ISI: F(1,17) = 6.07, p = 0.025; long ISI:
F(1,17) = 134.49, p < 0.001; difference contrast with respect to
probe trials), possibly because in these trials a new stimulus ap-
peared (the ﬁlled circle above ﬁxation), which could serve as a tar-
get for an exogenous saccade. In addition, these probe trials
showed faster responses for long ISIs than for short ISIs
(t(17) = 7.78, p < 0.001). In agreement with earlier observations,
trials with a short ISI showed faster response times on the congru-
ent trials compared to incongruent trials (t(17) = 6.79, p < 0.001)
– the positive compatibility effect (PCE). For long ISIs this effect re-
verses and congruent trials now show longer response times than
incongruent trials (t(17) = 4.69, p < 0.001) – the negative compati-
bility effect (NCE). Note that the response times on the congruent
50 F. Hermens et al. / Vision Research 50 (2010) 46–56trials are almost identical for the short and long ISIs (t(17) = 0.85,
p = 0.41), meaning that the prime to target interval only affected
the incongruent trial latencies. On average, response times were
shorter for the longer ISI, which is in agreement with earlier obser-
vations (e.g. Eimer & Schlaghecken, 2003) and could possibly relate
to the prime acting as a warning signal.
3.2. Saccade curvature
Fig. 4 plots the curvature of the vertical saccades on probe trials
for short and long prime-to-target ISIs, separately for primes point-
ing to the left and to the right. Negative values indicate a curvature
to the left, positive values a curvature to the right. Both ISIs show a
curvature away from the prime, meaning that for leftward primes,
saccades curve to the right and vice versa. This ﬁnding agrees with
the prediction for the long ISI in which an NCE was found, and thus
curvature away from the primed location was expected. However
the results go against the prediction for the short ISI condition, in
which a PCE was found, and thus curvature towards the prime
direction was expected. Interestingly, the largest curvature effect
was observed for the short ISI condition, which is the condition
in which the observed effects are in the opposite direction from
the predictions.
A 2  2 (ISI  prime direction) repeated measures ANOVA con-
ﬁrms the main effect of prime direction (F(1,17) = 8.63, p = 0.009)
and also suggests that curvature effects may be different for short
and long ISIs, showing an interaction effect that approaches signif-
icance (F(1,17) = 3.28, p = 0.088). Paired comparisons show a sig-
niﬁcant curvature away for the short ISI (t(17) = 2.91, p = 0.01)
and a curvature away that approaches signiﬁcance for the long
ISI (t(17) = 1.95, p = 0.068). As we will discuss later, these smaller
curvature effects for the long ISI condition are most likely to be
the result of the shorter latencies of the responses.
3.3. Curvature as a function of response time
Several studies have shown that curvature varies as a function
of saccadic reaction time (McSorley et al., 2006, McSorley, Haggard,
& Walker, 2009; Mulckhuyse et al., 2009; Van der Stigchel &
Theeuwes, 2007; Van Zoest et al., 2008). Typically, saccades curve
towards the distractor for fast responses (<200 ms), whereas they
curve away for slower responses (>200 ms). This time-course of−0.015 −0.01 −0.005 0 0.005 0.01 0.015
Long ISI
Short ISI
Peak Deviation
Leftward prime
Rightward prime
Fig. 4. Mean peak deviation (as a proportion of saccade amplitude) for the two
target-to-prime ISIs (short and long) and the two prime directions (left and right).
Negative values represent a curvature to the left, positive values a curvature to the
right. Error bars show the standard error of the mean across participants.saccade curvature is thought to reﬂect the evolution of activity in
the saccade motor map at the site representing the distractor
(e.g., Trappenberg, Dorris, Munoz, & Klein, 2001). Initially, the dis-
tractor is coded in the map due to exogenous (stimulus driven) in-
put into the map, resulting in activity above baseline. If saccades
are initiated at this point, a curvature towards the distractor is ex-
pected. However, this peak of activation has to be suppressed to
avoid making saccades to the distractor, resulting in endogenous
(top-down) input entering the system. This endogenous input
causes the activity at the distractor site to drop below baseline,
and if saccades are initiated at this point a curvature away from
the distractor will most likely be found (e.g. Godijn & Theeuwes,
2004).
Because of the link between saccade curvature and response
times, it is possible that the apparent dissociation between the
compatibility effect and curvature reported above may, in part,
be due to differences in response times. For example, the mean
PCE on response times may have arisen entirely from saccades
with relatively short latencies (on regular trials), while the nega-
tive trajectory curvature may have arisen entirely from saccades
with long latencies (on probe trials), and thus the two effects
may not actually dissociate in saccades of similar latency. Note that
such an explanation is unlikely on the basis of the mean response
times, in which faster responses were found on probe trials com-
pared to regular trials. However, to fully understand the relation-
ship between saccade curvature and response times, it is
important to look at the response time distributions and the corre-
sponding trajectory curvatures. Fig. 5 shows the latency distribu-
tions for congruent, incongruent and probe trials in the top plots,
and the time-course of the mean curvature in the bottom plots.
For the purpose of illustration, the reaction time distribution for
the probe trials is plotted downwards, so that it can more easily
be compared with the curvature measures. The dotted lines (going
from top to bottom) connect the center of the reaction time quar-
tiles (top) and the corresponding mean curvature (bottom). We
here focus on the data of the short ISI condition for which a disso-
ciation between the directions of the mean compatibility effect and
mean curvature was found. Two things are apparent: ﬁrst, it is
clear that the PCE arose from a shift of the whole latency distribu-
tion between congruent and incongruent trials and was not driven
by only the early saccades or by only the late saccades. Second, it is
clear that the mean curvature was away from the prime for all four
quartiles of the probe latency distribution. Thus the dissociation
between the mean PCE and mean curvature cannot be explained
by differences in the latencies of saccades driving the two effects.
It is also worth noting that overall, our curvature data conforms
to previous reports showing that curvature tends to get more neg-
ative with longer latencies. This pattern is apparent for the short
prime-to-target ISI, and between the short and long ISIs. This also
means that, presumably, if the latencies of probe trials had been
equal to the other trials (in other words, if we had not included
an exogenous saccade target on probe trials), then curvature would
have been more negative in both prime conditions, enhancing our
reported dissociation between the compatibility effect and curva-
ture for the short ISI.
3.4. Effect of the previous trial
On a relatively large proportion of trials, participants were re-
quired to make a vertical saccade. Possibly, curvature effects would
have been stronger if a higher proportion of regular trials would
have been used, because this could possibly lead to a stronger asso-
ciation between the direction of the arrows (either prime or target)
and leftward and rightward saccades. If such repeated stimulus–
response pairings are important, recent encounters with regular
trials would also be expected to lead to stronger curvature effects
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cade pairing took place. To test this latter prediction, the data was
split into trials on which the trial prior to the probe trial was a reg-
ular trial, requiring a response to the arrow and trials on which the
previous trial did not show an arrow as the target (i.e. a probe
trial). Fig. 6 shows the pattern of saccade trajectory deviations
for a previous horizontal saccade (top left) and a previous vertical
saccade (top right). This analysis shows that the previous trials did
not have a strong effect on the saccade curvature, arguing against
immediate effects of previous responses to arrows. In fact, if any ef-
fects are present at all, larger deviations away are obtained when
the previous trial was a probe trial, suggesting that to obtain a
large saccade curvature, it is actually better not to have responded
to an arrow recently. It should be noted, however, that the differ-
ence between previous probe and previous regular trials was not
signiﬁcant (the 2  2 interaction of previous trial type and
prime-to-target ISI did not reach signiﬁcance: F(1,17) = 0.12;
p = 0.73, neither did the main effect of the previous trial
(F(1,17) = 1.77, p = 0.201). The main effect of ISI, did reach signiﬁ-
cance (F(1,17) = 4.67, p = 0.045).
3.5. Effects of prime visibility
To be able to conclude that the obtained effects occur without
conscious awareness, studies typically take much care to ensure
that participants do not perceive the prime. For example, in their
recent study of brieﬂy presented peripheral distractors on saccade
curvature, Van der Stigchel and colleagues (2009) excluded the
data of those participants who were above chance at reporting
the identity of the distractor, to make sure that the effects obtained
were subliminal in nature.
Here we take a different approach to investigate the effects of
prime visibility. This is done by investigating performance in the
saccade task across participants, comparing participants who were
able to report the identity of the prime above chance with partic-ipants who failed at identifying the prime on most trials. Because
we used two types of trials, regular and probe, each with a different
number of primes (two for the regular trials (a leftward (‘’) and a
rightward (‘’) arrow; three for the probe trials, which used an
additional neutral prime (‘X’)), two percentages of correct prime
identiﬁcation were obtained. To compute the correlation between
the measure of prime visibility and the performance measures in
the saccade task, the two percentages were pooled into one mean.
Fig. 7 shows scatter plots of the mean performance on the prime
discrimination task against the response times compatibility effect
(top left) and the curvature away from the prime (top right). Be-
cause it has been suggested that the number of incorrect saccades
following an endogenous cue could be an indicator of automatic
response preparation (e.g. Kuhn & Benson, 2007), we also examine
the relation between the measure of prime visibility and the num-
ber of incorrect saccades following the prime (bottom left). In each
plot the best ﬁtting (least-squares) regression line is shown. Each
dot represents one participant.
No consistent correlations were found, suggesting that the ef-
fects on response times, accuracy and curvature were largely inde-
pendent of prime visibility. For the response times congruency
effect, a tendency towards a positive correlation was found for
the short ISI (r = 0.44, p = 0.065), meaning that participants who
could report the prime were perhaps more likely to have slower re-
sponse times on incongruent trials. By contrast, no such correlation
was found for the long ISI. This latter result supports the ﬁnding by
Schlaghecken and colleagues (2006) that an increased visibility of
the prime after perceptual learning does not change the size of
the negative compatibility effect. However, the absence of a corre-
lation for the long ISI is at odds with ﬁndings by Klapp & Hinkley
(2002), who found a larger NCE for participants for whom the
prime was less visible. The lack of a correlation poses an example
of a dissociation between a direct measure of the effect of the
prime (performance on the prime discrimination task) and an indi-
rect measure (the size of the NCE; although it should be noted that
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within participants) (see Schmidt, 2006). For the relation between
the performance on the prime discrimination task and the peak
deviation away, the short ISI showed a slight (not signiﬁcant) ten-
dency towards a positive correlation (r = 0.268, p = 0.28), possibly
suggesting that the saccades of participants who could identify
the prime were less likely to curve away from the primed location(see, however, Cardoso-Leite & Gorea, 2009). However, no such
correlation was found for the long ISI condition. The number of
incorrect saccades in the direction of the prime showed a slight
(not signiﬁcant) tendency towards a correlation with prime identi-
ﬁcation performance for long ISIs. However, this correlation was
negative (r = 0.321, p = 0.195), meaning that participants who
were worse at identifying the prime, may have been more likely
F. Hermens et al. / Vision Research 50 (2010) 46–56 53to make a saccade in the direction of the prime, which could be an
indication that the primes always resulted in an automatic re-
sponse, but that participants who could identify the prime were
better at suppressing it. For the short ISI condition, no such corre-
lation between prime identiﬁcation performance and incorrect
saccades was found, even though there were several participants
for whom the prime seemed to be well visible.4. Discussion
When a prime precedes a target stimulus, performance on the
target is often affected by the identity of the prime, even though
discrimination performance on the prime often suggests that the
prime is not visible (for an overview and meta-analysis, see Van
den Bussche, Van den Noortgate, & Reynvoet, 2009). If the interval
between the presentation of the prime and the target is short, per-
formance is often better when the prime and the target are identi-
cal or similar, in comparison to when they are linked to opposite
responses (‘positive compatibility effect’, PCE). However, for longer
prime-to-target ISIs, the pattern of results reverses and responses
are initiated more quickly if the prime and the target are linked
to incompatible responses (‘negative compatibility effect’, NCE;
e.g. Eimer, 1999; Eimer & Schlaghecken, 1998). It has been pro-
posed that this reversal of the compatibility effect is due to the
suppression of neural activity following the prime (for reviews,
see Eimer & Schlaghecken, 2003; Sumner, 2007).
For eye movements, an apparently similar explanation has been
proposed to explain why sometimes saccades may curve towards
an attended location (or distractor location) and sometimes curve
away. Speciﬁcally, if saccades are initiated quickly, saccades more
often curve towards the distractor, whereas saccades with longer
response times tend to curve away (e.g. McSorley et al., 2006). This
ﬁnding was explained by assuming that for fast saccades, the exog-
enously induced activity in the motor map corresponding to the
distractor is still present, resulting in an initial saccade direction
aimed in between the distractor and the target (i.e. towards an
intermediate location weighted by relative activity). For slowly ini-
tiated saccades, the activity in the map at the distractor site has
been suppressed below baseline and the saccade starts in a direc-
tion away from the distractor.
In the current study we investigated whether the two phenom-
ena, the change from a PCE to a NCE on response times for longer
prime-to-target ISIs, and the modulation in saccade trajectory to-
wards or away from a (cued) distractor location, are related. To this
end, we presented sequences of a prime, a mask, and a target, and
asked participants to make saccades following the target, while
we investigated the effect of the preceding priming. In the majority
of trials (’regular trials’), the target consisted of a leftward or right-
ward arrow, with the preceding prime either congruent or incon-
gruent with the target, and participants made a saccade following
the direction of the target. On a subset of the trials (’probe trials’),
a target was presented above ﬁxation which needed to be ﬁxated.
On these probe trials, in which a vertical saccade was made in the
direction orthogonal to the primes and the targets on regular trials,
the curvature of the trajectory towards the target ismeasured. If the
two phenomena of response inhibition in masked priming and sac-
cade curvature are linked, curvature towards the prime direction is
expected for a short prime-to-target ISI and curvature away for a
long ISI. Contrary to this prediction, we found a curvature away
for both ISIs, although response times on the regular trials showed
that the expected compatibility effects on response times were
obtained.
This ﬁnding suggests that our hypothesis, that the compatibility
effect on response times and direction of curvature could originatefrom the same mechanism, is not correct. We here discuss four
possible reasons why this might be.
4.1. Possibility 1: Response times and saccade curvature effects reside
in different brain structures
One possible reason why different compatibility effects on re-
sponse times and saccade curvature were found, is that the effects
on the two different measures originate from inhibition in different
brain structures. Although this interpretation lies contrary to our
original hypothesis, it is consistent with previous literature. Curva-
ture has been strongly associated with the SC (Aizawa & Wurtz,
1998; McPeek et al., 2003) and the FEFs (McPeek, 2006), while
masked priming and the NCE have been associated the basal gan-
glia (Aron et al., 2003; Seiss & Praamstra, 2004), the supplementary
motor area (SMA) and supplementary eye ﬁelds (Sumner et al.,
2007).
A similar explanation has been proposed for a related effect,
called inhibition of return (IOR), which was found to follow a dif-
ferent time-course to that of saccade curvature (Godijn & Theeu-
wes, 2004; Theeuwes & Van der Stigchel, 2009). The inhibition
involved in IOR was investigated by measuring the amount of cur-
vature on probe trials as well as response times on regular trials,
showing a dissociation of the time at which the strongest IOR on
response times occurred and the interval with the strongest curva-
ture effects. For short cue-to-target intervals a curvature away
from the cue was found, however, the curvature did not differ from
baseline for long cue-to-target intervals. Earlier, a study by Dorris,
Klein, Everling, & Munoz (2002), found no evidence for active inhi-
bition in the superior colliculus during the cue-to-target interval in
IOR, which therefore suggests that response time effects in IOR re-
sult from competition elsewhere in the system. In contrast, curva-
ture effects are thought to originate in brain structures involved in
saccade target selection, such as the superior colliculus (Aizawa &
Wurtz, 1998; McPeek et al., 2003), and the frontal eye ﬁelds
(McPeek, 2006). Thus, a similar dissociation between brain areas
involved in response times and curvature effects in IOR might
underlie our ﬁndings in masked priming.
4.2. Possibility 2: The PCE and NCE do not reﬂect motor activation and
inhibition
If the masked priming effect reﬂects perceptual, rather than
motor processes, there is no obvious reason to expect them to be
related to saccade curvature. It is known that masked stimuli can
prime perceptual processing of target stimuli, as well as activate
motor responses (Marcel, 1983). It has also been suggested that
the NCE might be explained by perceptual (or attentional) habitu-
ation (e.g. Huber, 2008; Sohrabi & West, 2008) rather than a sup-
pression of sensori-motor activation. However, recent studies
have ruled out perceptual explanations of the PCE and NCE in the
type of masked priming paradigm employed here (Boy & Sumner,
in press; Sumner & Brandwood, 2008). Therefore it is very unlikely
that this can explain the dissociation between reaction time and
curvature effects in the current study. Note that the object-updat-
ing hypothesis for the NCE (Lleras & Enns, 2004; Verleger et al.,
2004) places the source of the PCE and NCE in motor activation
maps, even though reversal of motor priming is caused by percep-
tual interactions between prime and mask, rather than motor inhi-
bition. Thus for our purposes, the object-updating theory makes
the same predictions as self-inhibition (e.g. Eimer & Schlaghecken,
1998) or mask-triggered inhibition (e.g. Jas´kowski & Verleger,
2007) – if the motor maps involved in priming and saccade curva-
ture are the same, then the PCE should be accompanied by curva-
ture in the direction of the prime and the NCE by curvature in the
opposite direction.
54 F. Hermens et al. / Vision Research 50 (2010) 46–564.3. Possibility 3: The direction of saccade curvature does not reﬂect
inhibition
Alternatively, the direction of saccade curvature might be re-
lated to different processes other than inhibition of populations
of neurons in the saccade motor map. Several factors are known
to affect the direction of saccade curvature, each of which we will
discuss here. First, curvature towards is more often found in mon-
keys (e.g., McPeek et al., 2003), whereas curvature away is more
dominant in humans (for an overview, see Van der Stigchel et al.,
2006). It could therefore be argued that human data will almost al-
ways show a curvature away, independent of the experimental
manipulations. Several studies have, however, shown that it is pos-
sible to obtain curvature towards distractors with human partici-
pants (e.g. McSorley et al., 2006; Walker et al., 2006). Although
we might not have used the right stimulus conditions to obtain a
curvature towards, these data show that, in principle, it should
be possible to ﬁnd saccades that curve towards the distractor
direction in human participants. Second, the predictability of the
target position has been shown to affect the direction of saccade
curvature, with a curvature towards distractors for unpredictable
target locations, and a curvature away for predictable targets
(Walker et al., 2006). The difference between predictable and
unpredictable targets has been attributed to inhibitory processes
before stimulus onset. If the target position is known in advance,
top-down inhibition can be applied to increase activity at the tar-
get location with respect to activity at the distractor location. Such
differential activity before target onset could result in faster inhibi-
tion of distractor related activity after target onset when the target
location is known in advance. In our experiment, the target for
probe trials was always presented above ﬁxation, however, this
did not mean that the target was predictable, because probe trials
were randomly intermixed with regular trials, resulting in three
possible saccade locations (left, right, top) rather than one. As a
consequence, the positions of both the target and the distractor
were unpredictable on each trial, making it unlikely that stimulus
predictability caused the curvature away for both prime to target
ISIs. Third, if saccades are initiated quickly, saccades tend to curve
towards distractors, whereas for longer saccade latencies, saccades
curve away (McSorley et al., 2006). As our analysis in Fig. 5 has
shown, saccades curved away from the prime direction for all re-
sponse latencies, indicating that response time was not the cause
of the observed deviation away in the PCE condition.
4.4. Possibility 4: Difference in the visibility of the prime resulted in
differences in response inhibition
A fourth factor possibly involved in the dissociation between
the inﬂuence of primes on response times and on saccade curva-
ture is the visibility of the prime. For the short ISI (leading to a
PCE) prime discrimination was on average 76.6% accurate, while
for the long ISI (yielding a NCE), prime discrimination was close
to chance, at 53.9%. In our experiment, the conditions yielding a
PCE and an NCE differed in the duration of the prime and the mask
as well as in the ISI. This was done to maximize the chances of ﬁnd-
ing a clear and robust difference between the PCE and NCE condi-
tions, as it is known that longer primes, as well as shorter ISIs, tend
to lead to PCEs rather than NCEs. However, it remains possible that
the mechanism underlying PCEs with short ISIs and invisible
primes is different from the mechanism underlying PCEs with
longer visible primes. In the latter case, the measured PCE could re-
ﬂect a combination of two mechanisms, one acting on visible
primes and the other only on invisible ones. Even though a PCE
was measured overall, the former mechanism may actually have
reversed the initial response activation into inhibition by the time
responses were made. This inhibition may have affected the sac-cade curvature while the reaction time data might have been dom-
inated by the strong positive priming of the ‘visible’ mechanism
only, causing the effects on RTs and saccade curvature to be disso-
ciated. It should be noted, however, that this speculation that the
PCE may be produced by two different mechanisms does not seem
to be supported by the literature so far. To establish the exact
mechanisms underlying the relationship between PCE, NCE and
the inhibition in saccade curvature, it would be of interest to deter-
mine how the response time effects and saccade curvature develop
if the ISI between the prime and the target is varied systematically,
while keeping the other factors, such as prime duration and mask
duration, constant.
4.4.1. Endogenous subliminal distractors
Although several studies have shown that central, endogenous
cues to a distractor location cause saccades to curve away from
the attended location (Godijn & Theeuwes, 2004; Theeuwes &
Van der Stigchel, 2009; Sheliga et al., 1994, 1995; Van der Stig-
chel et al., 2007b), most of these studies required attention to
be directed to the cued location, for example, because the instruc-
tion as to where to move the eyes was likely to be presented at
that position (e.g. Sheliga et al., 1994). To our knowledge, only
one study (Nummenmaa & Hietanen, 2006) showed that saccade
curvature can be obtained by central cues that had to be ignored.
However, in this study, the central cue was a gaze cue, which
might have a special status by directing attention in a reﬂexive
manner (Driver et al., 1999; Friesen, Ristic, & Kingstone, 2004).
Our priming results show that arrows, presented at ﬁxation,
and which had to be ignored, can also make saccades curve away
from the primed location. Possibly, such effects were obtained be-
cause the arrows that needed to be ignored (the primes) were
identical to the possible targets, which, on most of the trials, re-
quired a response. If such task set effects exist, they must operate
across the entire session instead of being the consequence of re-
cent mappings of a prime-like stimulus onto a response in a par-
ticular direction. This is because our analysis of inter-trial effects
(Fig. 6) showed that curvature effects were slightly larger when
the previous trial did not require an eye movement in the direc-
tion of the central arrow. Moreover, we could show that similar
effects or sometimes larger effects of to-be-ignored arrow primes
were found for people who could not identify the prime com-
pared to those who could (Fig. 7). This suggests that not only
to-be-ignored arrows can affect the planning of saccades, but also
that arrows that do not reach awareness affect saccade planning.
Similar effects on saccade curvature have recently been reported
for peripheral stimuli (Cardoso-Leite & Gorea, 2009; Van der
Stigchel et al., 2009).5. Conclusion
In common with numerous studies, we show that brieﬂy pre-
sented primes can speed up or slow down responses to a subse-
quently presented target, depending on the duration of the
prime-to-target interval. In contrast, saccade curvature is always
found to be away from the direction of the prime, independent
of the time between prime and target. This dissociation in the ef-
fects of the prime on saccadic response times and saccade curva-
ture suggests that inhibition of the response to the prime
involves multiple levels of the response preparation sequence.Acknowledgment
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